Abstract: This article presents larger negative dispersion coefficient, better dispersion slope compensation, and low confinement losses in the entire S+C+L telecommunication band based on the finite difference method and applicable for 40 Gb/s transmission systems.
Introduction
Photonic crystal fibers (PCFs) [1] consisting of a central defect region surrounded by air holes running parallel to the fiber length have been one of the most interesting development in recent fiber optics. PCFs are usually made from pure silica, and so the guided modes are inherently leaky because the core index is the same as the index of the outer cladding region without air holes. Control of chromatic dispersion in PCFs is very important problem for realistic applications of optical fiber communications [2] , dispersion compensation [3] , and so on. Dispersion causes pulses to spread and has to be compensated in the long distance optical data transmission systems. One way to realize this is to use dispersion compensating fibers (DCFs), which are designed to have large negative dispersion. The negative dispersion coefficient of conventional fiber is about D = -100 ~ -130 ps/(nm.km) at 1.55 µm wavelength with high losses [4] . In order to minimize losses and reduce costs, the DCFs should be as short as possible and thus the magnitude of negative dispersion should be as large as possible [5, 6] . In order to efficiently compensate the dispersion of all the frequencies of the DWDM, the negative dispersion of DCFs should span around wide spectrum and dispersion slope should be compensated at the same time.
Various designs of dispersion compensating PCFs (DC-PCFs) have been reported in [6] [7] [8] [9] [10] to date. Dualconcentric-core PCFs without Ge doping has been proposed [6, 7] . It should be noted that PCFs is very useful for chromatic dispersion management and it is possible to obtain large negative dispersion coefficient without Ge doping. However, the available wavelength bandwidth for dispersion compensation of single mode fibers (SMFs) is very narrow because of the concave dispersion profile of dual-concentric-core fibers. Therefore it is necessary to compensate for the dispersion slope of SMFs as well for broadband operation. On the other hand some have been able to achieve small negative dispersion values, but bandwidth is limited [8] . Recently Erbium doped PCFs have been presented [9] , which have fine dispersion-compensating characteristic, but the fabrication will be very difficult. With carefully chosen structural parameters dual-concentric-core fibers have been proposed for broadband dispersion compensation of SMFs [10] , the problem due to Ge doping still remains.
In this paper, we present novel pure silica DC-PCFs for optimizing the dispersion compensation of standard SMFs in the entire S+C+L telecommunication band (1.46 µm to 1.625 µm) by using full-vector finite-difference method (FDM) [11] . From the numerical simulation results, it is found that it is possible to obtain larger negative dispersion, better dispersion slope, and low confinement loss in the entire S+C+L telecommunication band. Fig. 1 shows the structure of the proposed nine ring DC-PCFs. The cladding is formed by a triangular lattice of air holes. The materials of the studied PCFs is taken to be silica (refractive index n = 1.45). It has a pitch Λ, two types of air hole diameters d 1 and d. The core diameter is 2a, where 'a' equals Λ-d/2. Light can propagate along the fiber in defects of its crystal structure and defect is realized by removing one or more central air holes. The defect and non-defect regions correspond to the core and the cladding region, respectively. In the proposed structure, the diameter of the first, third and fourth air hole ring is reduced to d 1 (d > d 1 ) to obtain large negative dispersion. The diameter of other air hole rings d is selected large for keeping confinement loss value less than 10 -4 dB/m level in the targeted region. 
Structure of the Proposed DC-PCFs

Method of Analysis
The FDM with anisotropic perfectly matched boundary layers (PML) is used to calculate the chromatic dispersion and confinement loss of the PCFs. Once the modal effective indices n eff is obtained by solving an eigenvalue problem drawn from the Maxwell's equations using the FDM, the chromatic dispersion parameter D(λ) and confinement parameter L c can be obtained [11] . The material dispersion given by Sellmeier equation is directly included in the calculation.
Dispersion compensating fiber is a fiber that has the opposite dispersion of the fiber being used in a transmission system. It is used to nullify the dispersion caused by that fiber. The terms of broadband dispersion compensation [5] 
where D 1 , L 1 are the dispersion coefficient and length of the SMFs respectively. D 2 , L 2 are the dispersion coefficient and length of the DCFs respectively. If the total compensation of the dispersion is required, the length of the DCFs (L 2 ) is chosen so that total dispersion coefficient D T = 0. However, due to nonlinear effects and possible chirp in transmitter, full compensation is not always the optimum [12] . . Therefore, in the practice, we can design broadband DC-PCFs with large negative dispersion coefficient by selecting appropriate parameters. On the other hand, from this figure it is found that the confinement loss remains below 10 -4 dB/m from 1.46 ~ 1.63 µm wavelength for choosing 9 air hole rings, which is the acceptable level for the transmission fiber. In ref. [13, 15] , 13 and 20 air hole rings are used to keep the confinement loss less than 10 -4 dB/m for S band [15] and C band [13] , respectively. The confinement loss in [14] remains below 10 -4 dB/m from 1.48 ~ 1.63 µm wavelength for choosing 11 air hole rings. Therefore, from the design point of view, this paper proposed DC-PCFs is simple because for obtaining less than 10 -4 dB/m confinement loss only nine air hole rings are used. Fig. 3 represents the wavelength dependence properties of residual dispersion and dispersion slope for the ninering DC-PCFs in Fig. 1 for optimized parameters: d 1 /Λ = 0.3, d/Λ = 0.78, Λ = 0.83 µm. This figure shows the residual dispersion after compensating for the dispersion of 40 km SMFs by optimized DC-PCFs. It is observed that the residual dispersion should be lower than ± 64 ps/nm to compensate 40 Gb/s signals [13] . From Fig. 3 it is found that the proposed DC-PCFs can compensate for 40 Gb/s signal in the entire S+C+L telecommunication band. Moreover, in the same figure it is represented that in the spectral range 1.46 ~ 1.63 µm wavelength, the values of dispersion slope are between -3 ps/(nm 2 .km) and 0.8 ps/(nm 2 .km) which is lower than [14] . In addition, the proposed DC-PCFs residual dispersion slope (RDS) value is 0.0039 nm -1 at 1.55 µm wavelength which perfectly matched to SMFs RDS value of 0.0036 nm -1 .
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It can be clearly seen that for the optimized set of parameters and air hole ring configurations, a large negative dispersion can be obtained which is monotonically decreasing over S+C+L telecommunication band and possesses negative dispersion slope, providing fine dispersion compensation. 
Conclusion
In this paper, we have investigated the negative chromatic dispersion coefficient of novel DC-PCFs for broadband dispersion compensation in the entire S+C+L telecommunication band by using FDM. It was found that by adjusting structure parameters of the fiber, broadband DC-PCFs with large negative dispersion over 170 nm range, better dispersion slope, and low confinement loss is obtained. Another main advantage is that compared with previously presented DC-PCFs, the design procedure for this proposed novel DC-PCFs structure could be more efficient and easier because relatively lesser geometrical parameters are needed to be optimized. The proposed novel DC-PCFs can be potential candidate for dispersion compensation in 40 Gb/s DWDM optical communication systems.
